failure over large areas. This implies that the critical feature at play in the generation of megaearthquakes is not the amplitude of shear strength but its spatial variations. Thus, the absence of asperities on large faults may counterintuitively be a source of higher hazard. Though our study focused on subduction earthquakes, flatness may favor large earthquakes on long strike-slip faults as well.
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We report a method for using battery electrode materials to directly and continuously control the lattice strain of platinum (Pt) catalyst and thus tune its catalytic activity for the oxygen reduction reaction (ORR). Whereas the common approach of using metal overlayers introduces ligand effects in addition to strain, by electrochemically switching between the charging and discharging status of battery electrodes the change in volume can be precisely controlled to induce either compressive or tensile strain on supported catalysts. Lattice compression and tension induced by the lithium cobalt oxide substrate of~5% were directly observed in individual Pt nanoparticles with aberration-corrected transmission electron microscopy. We observed 90% enhancement or 40% suppression in Pt ORR activity under compression or tension, respectively, which is consistent with theoretical predictions.
H
ighly efficient electrocatalysts for renewable energy conversion processes, such as in H 2 fuel cells and water-splitting electrocatalysis, is becoming increasingly important (1-3). One strategy for systematically improving the activities of known catalysts is to modify their electronic structure (4) (5) (6) . Numerous examples have been demonstrated in H 2 O-O 2 -H 2 electrocatalysis, such as the changing of d band filling in perovskite oxides for oxygen evolution (7), transition-metal alloying for the oxygen reduction reaction (ORR) (4, (8) (9) (10) (11) , and our recent studies of using lithium (Li)-ion intercalation and extraction in layered materials for watersplitting (12, 13) .
Lattice strain, either compressive or tensile, can alter the surface electronic structure by modifying the distances between surface atoms and in turn catalytic activity (14) (15) (16) (17) . For platinum (Pt), previous studies have suggested that the 5d-band center of Pt can be shifted by~0.1 eV with only 1% lattice strain (18) , which can appreciably strengthen or weaken bonding of reaction intermediates to the surface (14, 18) . Lattice-mismatch between metals can be generated by directly synthesizing core-shell structures (19) (20) (21) (22) (23) or by selectively removing atoms from an alloy (for example, stripping away Cu from a Pt-Cu alloy) (8, 14, (24) (25) (26) . However, because of the larger lattice of Pt as compared with that of most metal cores, this method is typically restricted to compressive strain (14, 27) . Additionally, both electronic charge transfer between the different metal atoms (ligand effects) and changes in the surface stability-and thus surface area-are present, making it difficult to identify and control the effects of strain alone (14, 25) . Another strategy is to deposit catalysts onto flat substrates that undergo physical transformations as external forces are applied or the temperatures varied (28, 29) . Those flat and tunable substrates present great importance to fundamental analysis, but only a few of them have been successfully demonstrated effective in electrocatalysis (28) . Thus, new methods that can flexibly and effectively control both tensile and compressive lattice strain in catalysts without introducing additional effects are needed.
We report a way to tune catalyst strain by exploiting the widely tunable lattice constant of Li-ion battery electrode materials as the catalyst support. When Li ions are electrochemically intercalated into or extracted out of electrode materials such as graphite, transition-metal dichalcogenides, silicon (Si), or Li metal oxides, the volume and lattice spacing change from several percent to severalfold (12, (30) (31) (32) . For example, the Si electrode can expand up to four times its original size when fully lithiated to Li 4.4 Si (30) , and LiCoO 2 (LCO) undergoes~3% volume changes during charge and discharge (31, 33) . This smaller value is still sufficient to generate strain that can alter catalysis. Li ions are sandwiched by Co-O octahedra slabs in LCO (Fig. 1A) (34) , and during charging, half of the Li + are extracted to form Li 0.5 CoO 2 (L 0.5 CO). The Co-O slabs with negative charge experience stronger electrostatic repulsions from each other, which increases the layer spacing (Fig. 1A) (31, 33) . When Li + intercalates back during discharge, the lattice returns to its original spacing (Fig. 1B) .
We deposited small Pt nanoparticles (NPs; 5 nm) onto the surface of LCO or L 0.5 CO particle supports (~500 nm). By controlling the charging or discharging states of the substrate, we directly observed~5% compressive and tensile strain on Pt (111) facets using transmission electron aberration-corrected microscopy (TEAM) in individual particles. The ORR catalytic activities of Pt NPs in alkaline solution were tuned over a wide range, achieving nearly 90% improvement or more than 40% decrease in activity under compressive and tensile strain, respectively. These results agree well with predictions from density functional theory (DFT) calculations.
Our strategy for introducing and controlling strain is shown in the schematic in Fig. 1 . We obtained the battery electrode material LCO using a cotton-assisted pyrolysis method (35) . The sizes of LCO particles are~500 nm in the scanning electron microscopy (SEM) images (fig. S1, A and B) (35) . We then used 150 cycles of atomic layer deposition (ALD) to deposit~5 nm Pt NPs onto the surface of LCO (LCO-Pt) (figs. S2A and S3). The reason for this small loading is that (i) strain decays from substrate to the top surface and (ii) the gaps between Pt NPs are important for Li-ion transport into and out of LCO.
To induce lattice tension on the Pt NPs, LCOPt was assembled in a battery cell for the electrochemical charging process, with half of the Li ions extracted (LCO-Pt T ) ( fig. S4) . The x-ray diffraction (XRD) peak corresponding to the LCO (003) facets shifted from 18.92°to 18.42°in Fig.  1C , corresponding to an increase in layer spacing from 4.69 to 4.82 Å (Fig. 1A) (35) . This nearly 3% expansion in the substrate can induce strong uniaxial tension on Pt NPs (28) . Expansion in other LCO facets was also observed during the delithiation process ( fig. S5 ).
Compressive strain on Pt catalyst was achieved with a reverse process (Fig. 1B) . LCO substrate was first electrochemically delithiated to be L 0.5 CO with layers opened up, and then followed by ALD growth of Pt NPs (L 0.5 CO-Pt). No appreciable differences in the morphology were observed when transforming from LCO and LCO-Pt to L 0.5 CO and L 0.5 CO-Pt, respectively (figs. S1, C and D, and S2B). By intercalating Li ions into Li 0.5 CO-Pt, the distances in the molecular layer decreased back to that of LCO, creating compressive strain on Pt NPs (L 0.5 CO-Pt C ). This change was also confirmed by the XRD peaks in Fig. 1C . Because of the shift in the lattice between LCO/L 0.5 CO in the z direction (4.69 versus 4.82 Å) and Pt (3.92 Å), we suspect that the ALD growth of Pt NPs on LCO and L 0.5 CO substrates was not epitaxial and thus did not introduce strain (36) (37) (38) (39) . TEAM characterization revealed different Pt orientations relative to the supports ( fig. S6 ). With strong bonding between Pt and LCO/L 0.5 CO, the expansion or compression of substrates would lead to lattice strains in the catalysts.
Because of the broadening of peaks for small Pt NPs as well as the wide distribution of strain in different Pt NPs, XRD is insufficient for accurately determining the amount of strain on different sites of substrates ( fig. S7 ). Instead, we used high-resolution TEAM, as shown in Fig. 2  (35) . For compressive strain, a comparison between the pristine L 0.5 CO-Pt and the compressed L 0.5 CO-Pt C is shown in Fig. 2 , A to D, and similarly for tensile strain for LCO-Pt T in Fig. 2 , E to H. We focus on Pt (111) as a representative facet for studying the lattice strain as well as catalytic activities. For a fair comparison, Pt NPs with the ½110 direction in the zone axis were selected in all of the four samples, thus providing the lattice spacing for the (111), ð111Þ, and (002) facets in the TEAM images. In addition, the Co-O layers of LCO are parallel to the TEAM electron beam ( fig. S8) , which suggests the uniaxial strain direction applied on those Pt NPs. As indicated in Fig. 2 , A, B, E, and F, we examined the central regions of the Pt NPs and obtained the averaged (111) facet spacing over six atomic layers, avoiding possible surface defects as well as blurry boundaries between Pt and the substrates.
Shown in Fig. 2C are the integrated pixel intensities for the pristine and compressed Pt (111) lattices as selected in Fig. 2, A and B, respectively (35) . The averaged pristine Pt (111) spacing is 2.29 Å, which agrees well with calculations from previously reported Pt lattice constants (35) . The intensity profile of constrained Pt suggests a much smaller lattice distance compared with that of the pristine Pt, with an averaged spacing of 2.18 Å, which represents~5% compressive strain. This 5% lattice strain appears to be even greater than the lattice change of the LCO substrate (~3%), which can be explained by a possible inhomogeneity of the Li concentration near the LCO surface and within the bulk during the charging or discharging processes (40) . The surfaces may have a greater change in Li concentration and thus lead to larger changes in the lattice. For example, the L 0.25 CO lattice can expand~6.3% from LCO, which doubles the expansion of L 0.5 CO (41) .
To have an intuitive understanding of how much the compressive lattice strain is, we aligned the (111) atomic layers on the bottom in Fig. 2D .
After five layers of accumulation in spacing differences, the top layer of compressed Pt locates to a much lower position than that of the pristine Pt, offering direct evidence of the lattice compression. The successful observation of compressive strain in the Pt (111) facet led us to study whether there were any changes in the other two facets, ð111Þ and (002), as well as the angles between them (figs. S9 and S10) (42) . However, the spacing of these two facets in the compressed Pt NP is consistent with that of the unstrained catalyst, and we observed only slight distortions in the plane angles. This difference is caused by the direction of uniaxial strain applied by the LCO . S6) , the strain applied by the substrates is not always perpendicular to Pt (111) but also to other facets, which can induce strains in other facets.
Tensile strain was also revealed with TEAM ( Fig. 2 , E to H) by directly aligning the expanded Pt (111) planes with the pristine one in Fig. 2H , with the averaged spacing increased from 2.29 Å toward 2.42 Å (figs. S11 and S12). This roughly 5.7% expansion, together with the demonstrated compression, strongly suggests the efficacy of a LCO battery electrode in flexibly tuning lattice strain in both tensile and compressive directions over a full range of~10%. The observed Pt (111) lattice strains in individual NPs can only represent a general trend (compression or tension) of the NP systems, as suggested in the Pt XRD peak shifts ( fig. S7) . We have included additional TEAM examples of Pt lattice strain (figs. S13 to S16) with different strain ranges. These Pt NPs have similar sizes with those in Fig. 2 but show different strain ranges, demonstrating that the particle size is not the only factor in determining the lattice strain. The strain condition in each Pt NP is strongly affected by its shape, crystallinity, location, and surface defects, as well as the contact facets of both the Pt particle and the LCO substrate. In addition, we also performed aberration-corrected scanning transmission electron microscope high-angle annular dark-field (STEM-HAADF) imaging on the tensile strain case in order to suppress the substrate effects on Pt NPs in TEM characterizations (figs. S17 to S19). Convergent beam electron diffraction (CBED) of pristine and tensile Pt NPs is also shown in figs. S20 to S22, further demonstrating the existence of lattice strain introduced by the support.
The relation between Pt lattice strain and its ORR catalytic activities was examined in a rotatingdisc three-electrode system (35) . Four samples were tested: L 0.5 CO-Pt and L 0.5 CO-Pt C for studying compressive strain and LCO-Pt and LCO-Pt T for tensile strain. The mass ratio of Pt in those catalysts was determined to be~17% (table S1) (35) . Several cycles of cyclic voltammetry (CV) were applied before testing their ORR activities ( fig.  S23 ). In the polarization curves in Fig. 3A , the compressed Pt compared with the pristine catalyst presents a positive shift in onset as well as half-wave potentials by~20 mV. In contrast, tensile strain induced a negative effect on ORR activity, requiring a larger overpotential to drive the reaction. The catalytic activity shifts caused by strain are consistent with previous works (14, 25, 27, 28) . Background contributions from L 0.5 CO and LCO substrates have been ruled out ( fig. S24) (28) . Because of the high density of free electrons in Pt metal, the charge transfer effects from the semiconducting support can be easily screened within one or two Pt atomic layers and will not affect the electronic properties of Pt surface sites for catalysis. We plotted the kinetic current densities of the pristine and strained samples versus potential and obtained their Tafel slopes in Fig. 3B , suggesting similar Tafel slopes ranging from 44.4 to 51.5 mV/decade within the measurement errors (fig. S25 ). The kinetic activities of pristine and strained Pt under 0.84 V potential are compared in Fig. 3C . The pristine Pt on both L 0.5 CO and LCO substrates shows similar activities at around 0.9 mA/cm 2 , which is elevated to 1.7 mA/cm 2 under the compressive strain, representing a nearly doubled enhancement, but expanding the lattice of Pt NPs caused the ORR activity to decrease to only 0.5 mA/cm 2 . The pristine L 0.5 CO-Pt sample shows nearly the same ORR activity after 10,000 CV cycles ( fig. S24) , suggesting the good stability of Pt NPs on the LCO/L 0.5 CO support as well as the strong interaction between them. In addition, the effect of lattice strain can also sustain during this longterm stability test without noticeable degradation, except for a slightly smaller diffusion-limiting current (Fig. 3D) , which indicates that the strain effect does not affect its ORR stability.
Comparisons can be made of the data in Fig. 3 with our present theoretical model of the ORR (35) . The close-packed Pt surfaces are most active for ORR (43), so we focused on the Pt (111) facets. The effect of strain on the adsorption free energies DG i of the reaction intermediates (i = O*, OH*, and OOH*), which are strongly related with the Pt 5d band ( fig. S26 ), is illustrated in Fig. 4A . These adsorption energies are computed as DG i = DE i + DZPE -TDS, where DE i is the formation of an intermediate i relative to H 2 O and H 2 , accounting for solvent-induced stabilizations; DZPE is the difference in zero point energies; and DS is the change in entropy (43) . All quantities in Fig. 4A were determined relative to the unstrained Pt (111), which is defined as zero. Negative DG represents stronger binding, and positive ones represent weaker binding. For uniaxial strain in the range of 5% (tensile) to -5% (compressive), the adsorption free energies for all reaction intermediates decrease (stronger binding) with tensile strain and increase (weaker binding) with compressive strain (17) . Changes in DG OH and DG OOH are the same, whereas DG O has a stronger dependence caused by its threefold coordination to the surface (44) . The strain effects on these reaction intermediates have all been included in the free energy diagram in Fig. 4B , in which the free energy for each step was determined by adding a potential-dependence for DGi using the computational hydrogen electrode model (45 Fig. 4C , with no changes in trends of the volcano plot. Regardless, compressive strain of~5% should lead to improved activity toward the ORR. Although the 5% strain is not representative of all Pt particles on different LCO surface sites in the experimental samples, the trends are expected to be in good agreement. The experimental half-wave potentials and theoretical limiting potentials for the strained and unstrained Pt catalysts are presented in Fig. 4D with qualitative agreement. The remaining discrepancies likely arise from the strain distribution, which is not expected to be uniform across all sites on the LCO/L 0.5 CO substrates. Pt NPs that undergo less strain would still contribute to the total activity. Given the wide variety of tunable battery electrode materials in existence, and the vast number of catalysts and reactions that can be improved with strain, we demonstrate a highly general approach for studying these effects in the design of next-generation catalytic materials. In addition to fundamental studies, practical applications can also be extended by including large-scale synthesis and strain-tuning methods such as solutioncoating of Pt, aqueous solution electrochemical tuning, or chemical extraction/intercalation of Li ions. Other types of battery electrode materialssuch as layered MoS 2 , TiO 2 , Bi 2 Se 3 , and black phosphorus-can also be used to greatly extend the scope of this strain-tuning method toward acidic electrocatalysis. 
